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Sources of black Sigatoka resistance in wild
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Abstract - Black Sigatoka (black leaf streak disease) is caused by the fungus Mycosphaerella
fijiensis Morelet. This phytopathogen colonizes banana leaves, resulting in reduced photosynthesis
and decreased productivity. Fungicide applications are useful to control black Sigatoka; however,
they increase production costs and can have adverse environmental and health impacts. The
cultivation of resistant cultivars is regarded as a more economically viable option. The objective
of this study was to perform diploid phenotyping in a set of wild banana accessions to identify
resistant genotypes. A total of 31 accessions (30 with AA genome and one with AB genome) were
phenotyped based on the presence of disease symptoms using a scoring scale. The area under the
disease progress curve (AUDPC), the disease severity index (DI), and the disease severity increase
index (DII) were estimated. The DII variable proved to be efficient in identifying banana accessions
with black Sigatoka resistance. Likewise, the selection index for ranking accessions with moderate
black Sigatoka resistance allowed us to identify those genotypes with the highest quantitative
resistance. Five diploid accessions (Krasan Saichon, Zebrina, Birmanie, N° 118, and Tuu Gia) were
found to be resistant to this fungal disease; eight accessions (PA Rayong, Pisang Cici, Malaccensis
1, 028003-01, Microcarpa, Pisang Lidi, Lilin, and Malbut) were moderately resistant.
Index terms: Phenotyping; Musa spp.; Mycosphaerella fijiensis.

Fontes de resisténcia a Sigatoka-negra entre
diploides selvagens de bananeira

Resumo - A Sigatoka-negra, causada pelo fungo Mycosphaerella fijiensis Morelat, ¢ uma doenga
que afeta as folhas da bananeira, reduzindo a fotossintese ¢ ocasionando queda na produtividade.
O controle baseia-se no uso de fungicidas; no entanto, essa pratica eleva o custo de producédo e
pode causar impactos ambientais e na saide. O plantio de cultivares resistentes mostra-se mais
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Introduction

Bananas and plantains are essential components
of the human diet for millions of people in tropical and
subtropical regions, also impacting on social and economic
issues (WEBER et al., 2017; ALAKONYA et al., 2018).
Like many other crops, banana trees are exposed to several
phytosanitary problems, which may affect their roots,
rhizomes, pseudostems, leaves, and fruits (AMORIM et
al., 2013).

Significant losses in bananas and plantains
production were assigned to black Sigatoka, a disease
caused by the fungus Mycosphaerella fijiensis M. Morelet
(asexual phase: Pseudocercospora fijiensis (M. Morelet) .
This fungus was first described in 1963, in the Fiji Islands
(CROUS et al., 2003), and in Brazil, the first reports date
from 1998, when it was identified in plantations around
the cities of Tabatinga and Benjamin Constant, in the
State of Amazonas, close to the border with Colombia
and Peru (GASPAROTTO et al., 2006). M. fijiensis
propagation occurs through air-disseminated conidia,
which are asexual spores, and through sexual ascospores
(CHURCHILL, 2011; ONYLO et al., 2018).

Black Sigatoka is usually controlled using
contact and systemic fungicides. The application of
these chemicals results in huge increases in production
costs for the banana industry worldwide, which were
estimated in several hundred millions of dollars a year
(CHURCHILL, 2011; DIAS-TRUJILLO et al., 2018).
Besides, these pesticides may induce pathogen resistance,
impact the environment, and compromise farmers’ and
consumers’ health (BURGOS-CANUL et al., 2019). In
this sense, biological control is emerging as an alternative
to minimize these disadvantages; however, some limiting
factors (e. g., inefficient biological agents, high production
costs, inadequate techniques) make biological control an
incipient practice yet (JIMENEZ et al., 2007).

According to previous data, M. fijiensis resistance
is associated with a recessive allele called bs/ and two
independent alleles with additive effects known as bsr2
and bsr3 (ORTIZ; VUYLSTEKE, 1994). Also, intralocus
interaction in bs/ was reported, which seems to be
associated with the onset of early leaf signs and with the
intraloci interaction in the bsr loci, which influences the
disease progression (CRAENEN; ORTIZ, 1997).

The use of cultivars with quantitative resistance
to black Sigatoka is regarded as a sustainable alternative
for the banana and plantain agribusiness; these cultivars
can integrate management systems in which practices
such as biological control and sanitary defoliation
have the potential to reduce inoculum sources. Some
banana breeding programs have relied on black Sigatoka
resistance found in wild Musa species, including M.
acuminata subsp. burmanicca, M. acuminata subsp.

malaccensis, and M. acuminata subsp. siamea, also in
diploid cultivars (JONES et al., 2000).

To develop disease-resistant cultivars, since 1982,
an Embrapa breeding program has been crossing improved
diploids resistant to M. fijiensis, Mycosphaerella musae,
and Fusarium oxysporum f. sp. cubense race 1 with
susceptible triploid or tetraploid commercial cultivars
(AMORIM et al., 2013). Based on this strategy, eleven
tetraploid hybrids were developed and recommended to
Brazilian farmers.

The development of improved diploids is a routine
activity at Embrapa; this institution annually generates
several hybrids resistant to yellow Sigatoka and Fusarium
wilt race 1. Some of them are also resistant to black
Sigatoka and tolerant to rhizome borers and nematodes
and show other relevant agronomic traits. All this work is
integrated into a dynamic process, where new, improved
diploids with superior characteristics are introduced
in the crossing routines, while others are excluded for
technical reasons (AMORIM et al., 2013). Besides, it is
also important to have improved diploids with different
genetic backgrounds to avoid narrowing the genetic base
of commercial banana germplasm.

In this context, the objective of this study was to
identify wild banana diploid accessions resistant to M.
fijiensis in order to; these selected genotypes may be
valuable to develop new, improved diploids to be used
in future crosses.

Material and methods

The experiment was conducted at the Embrapa
Mandioca e Fruticultura experimental area, located in Cruz
das Almas, Bahia state, Brazil (12°40°19”’S, 39°06°22”’W,
220 m altitude). In this tropical region, the climate is hot
and wet (Aw to Am, K&ppen classification), with an
annual average temperature of 24.5 °C, a relative humidity
of 80%, and an average annual rainfall of 1,250 mm
(AGRITEMPO, 2018).

This study evaluated 31 banana diploid accessions
belonging to Embrapa banana and plantain germplasm
collection; all were AA-genome accessions, except for
genotype IAC 1 (AB genome) (Table 1). This collection is
represented by four plants per accession (arranged in 2.0
m-separated rows, with a spacing of 1.7 m between plants),
irrigated by a micro-sprinkler system, as necessary. This
management is intended to prevent plant stress due to
water deficit, in a region typically subjected to water
scarcity periods.
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Table 1. Banana diploid accessions belonging to the Embrapa banana and plantain germplasm collection phenotyped
in the presence of black Sigatoka. Cruz das Almas, BA, Embrapa 2020.

Genotype Subgroup/ Subespecie
Pisang Jari Buaya Pisang Jari Buaya
Pisang Lillin Pisang Lillin
028003-01 Tuu Gia x Calcutta 4
MS53 (Kedat x Samoa) (Paka x Samoa)
Pisang Jaran SSp. burmannica
Malbut B

Ne118 _

PA Rayong ssp. Siamea
Zebrina ssp. Zebrina
Buitenzorg ssp. Zebrina
Birmanie B

Akondro Mainty _

Pisang Lidi _

Khai Nai On _
Microcarpa ssp. Microcarpa
Pisang Berlin _

Khi Maeo B

Mambee Thu ssp. Banksii
Niyarma Yik ssp. Banksii

Malaccensis 1
Malaccensis 2
Pisang Tongat
Pisang Pipit
SF-751

Pisang Rojo Uter
Tuu Gia
Krasan Saichon
Tjau Lagada
Tong Dok Mak
Pisang Cici
IAC 1

ssp. Malaccensis
ssp. Malaccensis
ssp. Errans

ssp. Malaccensis
Musa acuminata x Musa balbisiana

_: Unclassified in Subgroup or Subspecies.

The accessions were evaluated for black Sigatoka
resistance/susceptibility using a scoring scale (1 to 6)
based on the percentage of the leaf area showing disease
signs, as proposed by Stover (1972) and later modified
by Gauhl (1989): (1) up to 1% ; (2) 1 to 5%; (3) 6 to
15%; (4) 16 to 33%; (5) 34 to 50%; and (6) 51 to 100%
of damaged leaf area.

The evaluations started twelve months after
planting by visualizing black Sigatoka signs on all leaves
until their complete senescence, totaling 26 evaluations
from July 2017 to July 2018. All fully-developed leaves
were evaluated in a variable number depending on the
leaf formation rate of each accession. Three plants per
accession were evaluated with 15-day intervals.

The scores obtained were used to calculate a disease
severity index DI (%) for each accession, based on the
formula described by McKinney (1923):

Ydisease score x number of plants with a given disease score) x 100

DI (%) = [

number of plants evaluated per plot x highest score
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The area under the disease progress curve (AUDPC)
was estimated according to the formula proposed by
Madden et al. (2007):

Yn — in[(DI1 + DI2)]
2

AUDPC = x (T2—T1)

where n is the number of evaluations, DI is the disease
severity index, and (72 — T'1) is the time interval between
two consecutive evaluations.

The AUDPC was standardized for the number of
evaluations conducted until the bunches were harvested,
considering that the number of leaves formed by banana
plants of different accessions was variable.

Besides, the disease severity increase index (DII,
%) was estimated from the sum of the obtained DIs at each
evaluation time, using the following formula:

DI
DI = Z—x 100
n

where n is associated with the number of evaluations.

Based on the AUDPC, DI, and DII, two heatmaps
were created; one of them considered AUDPC and DI,
the other one combined three variables, using the average
Euclidean distance and the k-means method to group the
accessions, and the cutoff point criterion proposed by
Krzanowski and Lai (1988). A heatmap is a graphical tool
that aids in the interpretation of data sets.

The statistical packages used for the analyses
were devtools (WICKHAM; CHANG, 2017), NbClust
(CHARRAD et al., 2014), and gplots (WARNES et al.,
2015), all executed in the R software.

The Scott-Knott clustering test was used to rank
the genotypes classified as moderately resistant to black
Sigatoka, and a selection index (SI) was estimated; each
group formed in the Scott-Knott test received weight 10.
The variable AUDPC formed four groups: group “a” had
weight 40; group “b,” 30; group “c,” 20; and group “d,”
10. The variable mean DI formed three groups, “a,” “b,”
and “c,” with weights 40, 30, and 10, respectively. Lastly,
the variable DII formed groups “a,” “b,” “c,” and “d,”
with weights of 40, 30, 20, and 10, respectively. The SI
index was obtained using this formula: SI =2>(AUDPC)
+ (DI) + (DII (%)). A hypothetical numerical example is
presented in the Table 2:

Table 2. Selection index to rank genotypes classified as moderately resistant to black Sigatoka. Cruz das Almas, BA,

Embrapa 2020.
Genotypes AUDPC DI DII (%) Selection index (SI)
Gen. 1 50b 70 a 10b 100
Gen. 2 70 a 70 a 3d 90
Gen. 3 30c¢ 50b 18a 60
Gen. 4 10d 15¢ 7c 50

Means followed by the same letter within columns belong to the same group according to the Scott-Knott test. *Group weight: a (40); b (30);

¢ (20); d (10).

The accessions with selection indexes decreased
by 60% were considered those with better quantitative
resistance, thus obtaining a cutoff score of 70. Genotypes
with values < 70 would be indicated for the breeding
program.

Results and discussion

Heatmap analyses were performed based on the two
selection strategies, (AUDPC + DI and AUDPC + DI +
DII (Figure 1). Green shades are associated with genetic
resistance levels (light green indicates high resistance),
while red shades indicate susceptibility levels (light red
indicates high susceptibility). AUDPC and DI form a
group, while DII remains isolated (Figure 1B), indicating
that the last one is a relevant selection parameter. The

heatmap is an easy- to- interpret analysis when compared
to classic grouping methods based on dendrograms
(REBOUCAS et al., 2018).

The number of genotypes and specimens in
each cluster was variable, depending on the selection
parameters considered (Figure 1A and 1B). When DIl was
included in the analysis, more accessions were considered
moderately resistant to black Sigatoka (21 genotypes)
compared to the cluster formed considering only AUDPC
and DI. Thus, better efficiency in genotype discrimination
into resistant (GI), moderately resistant (GII), and
susceptible (GIII) groups was attained when considering
the variable DII, because this variable describes the disease
progression over time, which may be a relevant point in
our experimental setting, as some materials showed signs
within a short period, and others, later.
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Figure 1. Hierarchical clustering between AA and AB banana diploids phenotyped for black Sigatoka resistance. (A)
analysis based on two parameters: area under the disease progress curve (AUDPC) and disease severity index (DI); (B)
analysis based on three parameters: AUDPC, DI, and DII. GI: resistant, GII: moderately resistant, GIII: susceptible.

Cruz das Almas, BA, Embrapa 2020.

For some accessions, AUDPC and DI values
were similar, being classified in the same resistance/
susceptibility profile. On the other hand, the DII analysis
shows that some genotypes had less capacity to resist
black Sigatoka infection because they were less efficient
in activating resistance mechanisms. Therefore, it
would not be correct to classify them all into the same
group. For instance, Akondro Mainty (susceptible)
and M53 (moderately resistant) accessions have both
similar AUDPC and DI, but contrasting DII (Table 3).
Akondro Mainty accession has been indicated as one of
the possible ancestors of Prata and Cavendish subgroup
cultivars, a fact that may justify the susceptibility of these
genotypes to black Sigatoka (PERRIER et al., 2009;
2011; HIPOOLYTE et al., 2012; JESUS et al., 2013;
CHRISTELOVA et al., 2016).

Two of the wild diploids classified as resistant are
Tuu Gia and Birmanie; this information corroborates
previous findings reported by Ortiz-Vazquez et al. (2005)
and Rebougas et al. (2018). The other three accessions
classified as resistant have no reports in the literature
regarding black Sigatoka resistance/susceptibility.
Likewise, Pisang Lilin, Pisang Lidi, and Tjau Lagada
were identified as moderately resistant accessions, in
agreement with results published by Leiva-Mora et al.
(2015) and Silva et al. (2001). Among the susceptible
ones, the genotype Niyarma Yik showed the same
phenotyping result reported by Ferreira et al. (2004). Thus,
the formed groups present reference genotypes, a fact that
reinforces our phenotyping accuracy. It is important to
highlight that M. fijiensis presents wide genetic variability
regarding aggressiveness and virulence, requiring for that
reason the local selection of resistant genotypes to avoid

identification mistakes (ALAKONYA et al., 2018).

Table 3 shows the mean AUDPC, DI, and DII
values, as well as the resistance levels of the phenotyped
accessions in the presence of black Sigatoka under field
conditions. The AUDPC ranged from 5.12 to 1089.19, DI
varied between 0.40 and 78.34, and DII started at 0.04%
and reached a maximum of 19.87%. We cannot affirm
that accessions with complete black Sigatoka resistance
were identified in this study; however, we detected several
genotypes with quantitative resistance, including those
classified as resistant (Krasan Saichon, Zebrina, Birmanie,
N°118, and Tuu Gia) and moderately resistant, which were
further subjected to a more careful selection.

The Scott-Knott cluster test was used to compare
the accessions classified as moderately resistant (Table 4),
and genotypes clustering as a function of three variables
was performed. Based on the proposed SI cutoff point
(< 70), it is possible to state that accessions PA Rayong,
Pisang Cici, Malaccensis 1, 028003-01, Microcarpa,
Pisang Lidi, Lilin, and Malbut are good genotypes to
be used in future crosses, since, improved diploids with
durable quantitative black Sigatoka resistance could be
developed from them.
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Table 3. Area under the disease progress curve (AUDPC), disease severity index (DI), and disease severity increase
index (DII) in banana diploid accessions belonging to the Embrapa banana and plantain germplasm collection
phenotyped in the presence of black Sigatoka. Cruz das Almas, BA, Embrapa 2020.

Genotype AUDPC DI (%) DII (%) LR
Pisang Berlin 1089,19 73,88 12,07 S
IAC 1 899,654 77,46 19,87 S
Khai Nai On 917,82 78,34 19,22 S
Tong Dok Mak 871,52 75,70 17,89 S
Akondro Mainty 763,28 66,71 18,31 S
Niyarma Yik 872,97 67,48 10,52 MR
Pisang Tongat 824,65 63,84 9,94 MR
Pisang Pipit 852,84 64,32 8,08 MR
MS53 784,49 59,44 7,70 MR
Rojo Uter 789,17 66,17 14,50 MR
Buitenzorg 710,81 59,01 11,62 MR
Mambee Thu 695,38 54,21 8,75 MR
Tjau Lagada 653,80 51,80 8,53 MR
Malaccensis 2 634,68 53,08 10,10 MR
SF-751 558,32 46,76 9,57 MR
Pisang Jaran 661,86 50,96 6,94 MR
Khi Maeo 600,90 46,93 6,78 MR
Pisang Jari Buaya 698,16 51,39 5,03 MR
Malbut 610,09 45,03 4,10 MR
Microcarpa 503,37 41,29 6,64 MR
Pisang Lidi 512,28 39,97 5,50 MR
Pisang Lillin 527,17 39,72 4,53 MR
028003-01 500,73 37,62 3,93 MR
Malaccensis 1 455,61 33,24 3,08 MR
Pisang Cici 391,52 31,23 5,20 MR
PA Rayong 383,72 29,12 4,05 MR
Krasan Saichon 53,87 4,48 0,45 R
Zebrina 5,12 0,40 0,04 R
Birmanie 252,80 19,79 2,61 R
N° 118 170,85 13,18 1,28 R
Tuu Gia 118,97 9,33 0,97 R

LR: level of resistance; S: susceptible; MR: moderately resistant; R: resistant.
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Table 4. Grouping of genotypes based on the mean area under the disease progress curve (AUDPC), disease severity
index (DI), disease severity increase index (DII), and selection index (SI) in banana diploid accessions belonging to
the Embrapa banana and plantain germplasm collection classified as moderately resistant to black Sigatoka. Cruz das

Almas, BA, Embrapa 2020.

Genotypes AUDPC DI DII SI
Rojo Uter 789,17 a 66,17 a 14,50 a 170
Pisang Tongat 824,65 a 63,84 a 9,94 ¢ 150
Niyarma Yik 872,97 a 67,48 a 10,52 ¢ 150
Pisang Pipit 852,84 a 64,32 a 8,08 d 140
Buitenzorg 710,81 b 59,01 b 11,62 b 140
MS53 784,49 a 59,44 b 7,70 d 130
Malaccensis 2 634,68 b 53,08 ¢ 10,10 ¢ 120
Tjau Lagada 653,80 b 51,80 ¢ 8,53d 110
Mambee Thu 695,38 b 5421 ¢ 8,75d 110
SF- 751 558,32 ¢ 46,76 d 9,57 ¢ 100
Pisang Jaran 661,86 b 50,96 ¢ 6,94 ¢ 100
Jari Buaya 698,16 b 51,39 ¢ 5,03 f 90
Khi Maeo 600,90 ¢ 46,93 d 6,78 ¢ 80
Pisang Lidi 512,28 ¢ 3997¢ 5,50 e 70
Microcarpa 503,37 ¢ 41,29 ¢ 6,64 ¢ 70
Pisang Lilin 527,17 ¢ 39,72 ¢ 4,53 f 60
Malbut 610,09 ¢ 45,03 d 4,10 g 60
028003-01 500,73 ¢ 37,62 ¢ 393 g 50
Pisang Cici 391,52d 3123 f 5,20 f 40
PA Rayong 383,72d 29,12 f 4,05¢g 30
Malaccensis 1 455,61 d 33,24 f 3,08 g 30

Averages with the same letter, in the column, form clusters based on the method of Scott and Knott, at 5% probability.

Tuu Gia, Birmanie, Zebrina, PA Rayong, and Pisang
Lilin accessions were considered resistant to £ oxysporum
f. sp. cubense (Foc) tropical race 4, a quarantine pest
not present in Brazil (ZUO et al., 2018). Birmanie,
Malaccensis 1, and 028003-01 were classified as resistant
to Foc race 1 in two other studies (REBOUCAS et al.
2018; RIBEIRO et al., 2018). Based on this information,
the intercrossing between these accessions may allow the
selection of hybrid progenies resistant to Foc and black
Sigatoka.

Craenen and Ortiz (1997) did not report complete
resistance to M. fijiensis, although some resistance levels
were clearly demonstrated. Such results were corroborated
in the present study since no accessions free of disease
signs could be identified in the field. On the other hand,
Gongalves (2019) phenotyped improved diploids in
the presence of black Sigatoka and identified complete
resistance in three hybrids. According to this author, the
accumulation of resistance genes derived from the parents
of these diploids would explain this finding.

The phenotypic survey conducted in this research
has relevant implications for genotype screenings targeted
to black Sigatoka resistance because it suggests that the
use of the DII and SI, formulated here as two additional
tools, may allow a more accurate genotype classification
and prevent the loss of genes of interest. This is very
important considering that most genotypes have polygenic
resistance, and possible genetic background effects can
reduce the efficiency of assisted selection programs.
Our experimental data show variability for black
Sigatoka resistance among the available banana diploid
accessions evaluated; the genotypes considered resistant
or moderately resistant can be used as parents to generate
improved diploids for gene introgression in new cultivars.
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Conclusions

The parameter DII has a better ability to stratify
banana accessions than other parameters usually employed,
representing a new approach for the identification of
resistant genotypes. This was validated in this study,
the first one to select black Sigatoka resistant diploid
genotypes in Bahia, Brazil. We identified five banana
diploid accessions resistant to black Sigatoka (Krasan
Saichon, Zebrina, Birmanie, N° 118, and Tuu Gia) and
eight moderately resistant accessions (PA Rayong, Pisang
Cici, Malaccensis 1, 028003-01, Microcarpa, Pisang Lidi,
Lilin, and Malbut).
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